The operation of LaserNet Fines wear debris analysis technology is described. Application to detection and identification of mechanical faults in diesel engines is presented. The development of fault indicators directly from the LaserNet Fines analysis is described and results are related to controlled laboratory experiments.
INTRODUCTION
Monitoring of wear debris in the lubricating oil of rotating and reciprocating machinery is a well-established method of non destructive testing that has been used for many decades to give machinery operators a measure of the state of wear in engines, transmissions and drive trains, along with early warning of impending catastrophic failures. Many laboratory analysis tests have been developed to allow assessment of various wear debris characteristics in terms of machinery condition. Among the various laboratory analyses conducted are tests to determine particle concentration, elemental content, elemental composition, size and various shape and appearance characteristics. Generally speaking, these tests can be time consuming, expensive and require human expert interpretation. They also usually involve drawing of a sample of oil from the equipment and sending it to a remote laboratory for analysis, a procedure that can involve significant delay from the time the sample is drawn to the time results are received by the operator. However, some of these tests, especially those involving microscopic examination [1] [2] [3] [4] [5] [6] [7] , can often give an excellent analysis of the onset of wear processes that can ultimately lead to machinery failure. More immediate results can be obtained from online monitors, but on line detectors such as chip detectors and inductive monitors give limited analysis of particle properties and can fail to give reliable early warnings of the onset of excess wear conditions.
In this paper we describe the LaserNet Fines (LNF) wear particle analysis technology [8] [9] [10] [11] . This technology was developed for on line and on site analysis of wear debris with the goal of providing more immediate, reliable and earlier detection of mechanical faults without the need for expert human intervention. LNF is an optically based wear particle analyzer that determines type, severity and rate of progression of mechanical faults by measuring the size distribution, concentration and shape characteristics of the wear particles. In addition to mechanical wear particles, LNF detects and identifies fiber, abrasive oxide and free water concentration. This capability allows assessment of system cleanliness and the effects on system health of specific contamination types (such as the effect of sand on gear wear and failure, or the presence of filter deterioration). LNF has similarities to ferrography and microscopic analysis in that it makes use of the shape characteristics of individual particles, but goes beyond these techniques by developing quantitative fault indicators that can be used to identify not only the presence of a fault but its type and level of progression. It is a broadly applicable debris monitoring technology that can be used not only for the detection of faults in oil wetted machinery but also for the determination of particulate contamination levels in hydraulic systems and identification of contaminant type, guiding remedial actions.
LASERNET FINES TECHNOLOGY
The LNF analysis process is illustrated in Fig. 1 . A sample of fluid, either a bypass from the main flow for an on line system or a bottle sample from a manually-sampled system, is illuminated with a laser diode and images of entrained objects are recorded on an electronic camera. LNF measures the size distribution of particles from 4 Jim to above 100 jLim, and provides classification based on shape features for objects larger than 20 |im. Analysis of particles in this size range is useful for the early detection of mechanical faults in diesel and turbine engines, turbochargers and gearboxes. This range of sizes is also relevant to particulate contamination levels in hydraulic and fuel systems. Examples of images of different types of particles and their implications for mechanical difficulties are shown in Fig. 2 . Quantitative records are made of the amount of each type of particle as a function of size, along with an image map of all particles larger than 20 |iim. These records allow fault signatures to be developed directly from the LNF results, providing the basis for root cause analysis, definition of fault severity, determination of maintenance actions, and remaining useful life prognostics. 
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LASERNET FINES TECHNOLOGY
The LNF analysis process is illustrated in Fig. 1 . A sample of fluid, either a bypass from the main flow for an on line system or a bottle sample from a manually-sampled system, is illuminated with a laser diode and images of entrained objects are recorded on an electronic camera. LNF measures the size distribution of particles from 4 µm to above 100 µm, and provides classification based on shape features for objects larger than 20 µm. Analysis of particles in this size range is useful for the early detection of mechanical faults in diesel and turbine engines, turbochargers and gearboxes. This range of sizes is also relevant to particulate contamination levels in hydraulic and fuel systems. Examples of images of different types of particles and their implications for mechanical difficulties are shown in Fig. 2 . Quantitative records are made of the amount of each type of particle as a function of size, along with an image map of all particles larger than 20 µm. These records allow fault signatures to be developed directly from the LNF results, providing the basis for root cause analysis, definition of fault severity, determination of maintenance actions, and remaining useful life prognostics. LNF can be configured as an off line batch sample analyzer or an on line wear or hydraulic cleanliness monitor. First and second generation batch processor models are in commercial production by Lockheed Martin. An on-line system is undergoing laboratory test and evaluation.
DIESEL ENGINE CLASS STUDY
As an example of the ability of LNF to find and identify specific mechanical faults, a study was made of 32 medium speed diesel engines. The engines were put into service at different times, but were all subject to the same operational profile. A class study of this type provides a snapshot of the diesels over their life, allowing the establishment of normal and abnormal operation.
Total particle concentration for the engines is shown in Fig. 3 , and concentration of particles in the different wear categories are shown in Fig. 4 . The majority of the engines showed consistently low particle concentrations, allowing the establishment of a baseline for normal wear. However, significantly elevated particle concentrations were found on 6 engines. Of the 6 engines that showed elevated particle concentrations, one (#18) showed significantly higher concentrations than the other engines in all LNF categories (fatigue, cutting, sliding and non-metallics). This engine was singled out for detailed study. During the study it was made known to us that a complete failure of a piston wrist pin had occurred in one of the engines (#14). Our initial sample was taken for that engine after the cylinder assembly was replaced. Subsequently a sample was obtained from that engine that had been taken 14 months prior to detection of the failure. Engines with elevated total particle concentrations but low concentrations of particles larger than 20 microns are indicated by open symbols in Figs. 3 and 4. This characteristic can indicate the presence of faults such as grinding, that do not produce large particles or of heavy sooting. In either case, it is indicative of a second type of fault, not related to the severe wear seen on the engines with elevated large-particle concentrations. 
Validation of LNF Results
A lab analysis consisting of optical microscope examination and scanning electron microscope energy dispersive x-ray (SEMEDX) measurements was made of the debris samples from engines 18 and 14 and also of the failed parts from engine #14.
The optical microscope examination confirmed that the oil samples from engines 
The optical microscope examination confirmed that the oil samples from engines 18 and 14 contained large concentrations of metal chips of various sizes and shapes in agreement with LNF analysis. A high-resolution microscope image of debris from engine #18 (Fig. 5) shows the presence of flakes, slivers and curled cutting wear confirming the LaserNet Fines analysis of debris type.
The SEMEDX analysis of the failed parts from engine #14 showed that the wrist pin was steel with chromium and nickel components, while the bearing sleeve was mild steel with no chromium or nickel. The debris from the failed engine showed pieces matching the wrist pin and others matching the sleeve. All of the particles in the oil samples from #18 and #14 matched only the bearing sleeve material, not the wrist pin.
These results confirm that LaserNet Fines is indeed measuring heavy wear when it occurs, and is not reporting it in engines without heavy wear.
LNF Fault Signatures
Analysis of the LaserNet Fines records indicates that the quantitative distributions of particle concentration by size in the various wear categories can be combined to give a signature for fault presence and severity ( Figs. 6 and 7) . The distributions for the engine with normal wear show low particle concentration, with a steeply declining concentration with particle size for the individual wear categories (Fig. 7) . For engine #18, the particle size distributions are significantly different, being skewed to the larger particle sizes I ^----500 jim #18 (Fig. 5) shows the presence of flakes, slivers and curled cutting wear confirming the LaserNet Fines analysis of debris type. The SEMEDX analysis of the failed parts from engine #14 showed that the wrist pin was steel with chromium and nickel components, while the bearing sleeve was mild steel with no chromium or nickel. The debris from the failed engine showed pieces matching the wrist pin and others matching the sleeve. All of the particles in the oil samples from #18 and #14 matched only the bearing sleeve material, not the wrist pin.
Analysis of the LaserNet Fines records indicates that the quantitative distributions of particle concentration by size in the various wear categories can be combined to give a signature for fault presence and severity ( Figs. 6 and 7) . The distributions for the engine with normal wear show low particle concentration, with a steeply declining concentration with particle size for the individual wear categories (Fig. 7) . For engine #18, the particle size distributions are significantly different, being skewed to the larger particle sizes 500 µm 100 µm (Fig. 6) . The relative amounts of particles in the various wear categories, along the size distributions provide the information needed to interpret presence and severity of the fault. LNF thus provides quantitative analysis that can be used for recommendation of remedial action. Furthermore, the LNF fault signatures are robust against maintenance actions such as topping off of oil supplies because they are based on relative distributions, not just absolute particle concentrations.
Early Fault Detection
Following this analysis it was discovered that a sample from engine #14 that had been drawn 14 months prior to detection of the failure was available. LNF analysis of that sample showed an abnormal signature in the fatigue and sliding categories ( Fig. 8 ), indicative of an early stage of the mechanical fault that eventually resulted in total failure of the wrist pin. This demonstrates that LNF has the capability for providing a considerable advanced warning of potentially serious wear conditions.
Validation of the LNF Fault Signature
Tests have been carried out in laboratory controlled environments to obtain LNF signatures for specific mechanical wear processes in various stages of development. The results show that, for severe sliding test conditions, the fault signature described above develops in the LNF sliding category after sliding seizure events. (Fig. 9 ) No similar development is evident in the fatigue category, confirming the ability of LNF to distinguish different mechanical wear conditions. ( Fig. 10 7 . LNF particle distributions for an engine with normal operation (Fig. 6) . The relative amounts of particles in the various wear categories, along the size distributions provide the information needed to interpret presence and severity of the fault. LNF thus provides quantitative analysis that can be used for recommendation of remedial action. Furthermore, the LNF fault signatures are robust against maintenance actions such as topping off of oil supplies because they are based on relative distributions, not just absolute particle concentrations.
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